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Abstract 
This study investigates whether the transformation-induced plasticity (TRIP) of metastable retained austenite, and a finely 
dispersed MA-like phase (narrow-lath martensite-retained austenite complex phase), produced by the addition 1.5%Si or 1.5% 
Si-1.0%Cr (mass%) can improve the cold formability of 22MnB martensitic sheet steel. The best combination of tensile 
strength and formability was achieved with 22SiMnCrB steel that was subjected to isothermal transformation at a temperature 
between 25 and 250 °C after austenitizing. This optimal combination is attributed to strain-induced transformation of 
metastable retained austenite in the MA-like phase, which subsequently leads to plastic relaxation of localized stress 
concentrations. 
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1. Introduction 
It is well known that transformation-induced plasticity (TRIP) (Zackay et al., 1967) significantly improves the 
formability, impact toughness, and fatigue strength of metastable retained austenite in steels (Sugimoto et al. 
2010a; Kobayashi et al. 2013; Yoshikawa et al., 2012). A variety of third-generation advanced high-strength steels 
(AHSSs) such as a TRIP-aided bainitic ferrite steel (Sugimoto et al., 2000), medium Mn-TRIP steel (Aydin et al. 
2013), quenching and partitioning steel (Speer et al., 2004), and quenching-partitioning-tempering steel (Zhong et 
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al., 2009) have been generated with the purpose of developing automobiles with improved crash safety while 
maintaining a low weight. More recently, Sugimoto et al. (2010b) have developed a novel ultrahigh-strength TRIP-
aided sheet steel, called TM steel, based on a wide-lath martensite structure matrix and a complex secondary phase 
consisting of narrow-lath martensite and metastable retained austenite. This is achieved through isothermally 
holding the steel at a lower martensite-finish temperature (Mf) after austenitizing. Presently, 22MnB martensitic 
steel, which has a tensile strength of 1.5 GPa, is being increasingly used for automotive body panels with the goal 
of reducing overall vehicle weight. The TRIP effects of retained austenite and increased MA-like phase fraction, 
both of which are induced by the addition of Silicone (Si) and/or Chromium (Cr) to 22MnB steel, have been 
proposed as a means of improving strength and formability.  
Therefore, the aim of this study was to investigate the effect of Si and Si-Cr addition on the tensile properties 
and formability of 22MnB steel, and to determine how these properties relate to the metallurgical characteristics. 
2. Experimental procedure 
Steel ingots of varying Si and Cr contents (Table 1) were prepared by vacuum melting and hot-forging into 
slabs. The resulting slabs were heated to 1200 °C, hot-rolled into thin (3 mm) plates, and finished by cold rolling 
down to a thickness of 1.2 mm. Tensile specimens with a gauge length of 50 mm and width of 12.5 mm (JIS13B) 
were machined from the cold-rolled steel plates, and square specimens (50 mm × 50 mm) were prepared for 
stretch-forming and hole-expansion testing. All specimens were austenitized at 900 °C for 1200 s followed by an 
isothermal transformation (IT) process at 25–450 °C for 1000 s (Fig. 1). 
The microstructure of the different steels was examined by transmission electron microscopy (TEM) and 
electron backscatter diffraction pattern analysis, using a field emission scanning electron microscope (FE-SEM-
EBSP). The volume fraction of carbide in each of the specimens was determined by observing carbon replicas, 
while the retained austenite characteristics in each of the steels were quantified by X-ray diffraction (XRD) of 
electropolished specimens, having first been ground with emery paper (#1200). 
 
Table 1. Chemical composition (mass %) and measured martensite start and finish temperatures (MS, M f, °C) of the steels used. 
 
 
 
 
 
 
 
 
Fig. 1.  Heat treatment diagram for the tested steels (OQ = quenching in oil). 
 
Tensile tests were performed at a strain rate of 3.3 × 10-3 s-1 using a hard-type materials testing machine, with 
the tensile load applied parallel to the rolling direction of the sheet. The initial yield behavior of the materials was 
investigated with a strain gauge attached to the gauge section of the specimen. Hole-punching and hole-expanding 
tests were conducted with a graphite-type lubricant, in which a 4.76 mm diameter hole was punched at a rate of 10 
mm/min, with a clearance of 10% between the die and the punch. Successive hole-expansion tests were performed 
at a punching rate of 1 mm/min using a hole-expanding die and a flat-bottom cylindrical punch, which contacted 
the roll-over section of the hole-punched specimens. The hole-expansion ratio (Ȝ) was calculated using Ȝ = {(df í 
d0)/d0} × 100%, where d0 and df are the initial hole diameter and hole diameter at cracking, respectively. Finally, 
to measure the maximum stretch height (Hmax), stretch-forming tests, without cracking, were performed at a 
Steel C Si Mn P S Cr Al B Ti N O Ms M f 
A 22MnB 0.21 0.20 1.25 0.006 0.001 0.21 0.025 0.0029 0.003 0.0029 0.0010 420 296 
B 22SiMnB 0.21 1.50 1.24 0.006 0.001 0.20 0.022 0.0028 0.003 0.0028 0.0010 420 303 
C 22SiMnCrB 0.20 1.49 1.24 0.006 0.001 1.04 0.019 0.0028 0.003 0.0028 0.0010 418 288 
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punching rate of 1 mm/min using a cylindrical punch with a diameter of 17.6 mm and a radius of curvature of 8.7 
mm. 
3. Results 
3.1. Microstructure and retained austenite characteristics  
Fig. 2 shows the results of EBSP analysis of steels A through C, which were subjected to an IT process at 
200 °C. The microstructure of TM steel consists of a wide-lath martensite structure in conjunction with a blocky 
phase, composed of fine martensite and retained austenite (also called MA-like phase) (Fig. 2). This MA-like 
phase is located and finely dispersed on the prior austenite, packet, and martensite block boundaries. Furthermore, 
there appears to be an increase in the volume fraction of the MA-like phase associated with the addition of Si and 
Cr. The wide-lath martensite structure was auto-tempered during cooling, after austenitizing, but the size of the 
structure was reduced by the addition of Si and Cr (Fig. 2). 
The characteristics of the retained austenite in steels A through C are shown in Fig. 3 as a function of the IT 
temperature. The k value, or strain-induced transformation factor, was defined by logfȖ = logfȖ – Nİ (Sugimoto et 
al., 2000), where fȖ is the volume fraction of retained austenite after applying the plastic strain (İ), and fȖ is the 
original volume fraction of retained austenite. The volume fraction and carbon concentration of retained austenite 
increased following the addition of Si and Si-Cr with the increase being particularly prominent at an isothermal 
transformation temperature above 250 °C. The stability against strain of the retained austenite in steels B and C 
was similar. 
 
 
 
 
 
 
 
 
Fig. 2.  Orientation maps of steels (a) A, (b) B, and (c) C subjected to isothermal transformation at 200 °C. 
 
 
 
 
 
 
 
 
 
 
Fig. 3.  Variations in the (a) initial volume fraction (fȖ), (b) carbon concentration (CȖ), and (c) strain-induced transformation factor (k) of 
retained austenite in steels A through C as a function of their isothermal transformation temperature (T IT). In (c), the k for steel A cannot be 
measured. 
3.2. Tensile properties  
Fig. 4 shows the engineering stress-strain curves of steels A through C, with their related tensile properties 
shown in Fig. 5. The addition of Si and Si-Cr increased the tensile strength and elongation of the specimens, while 
the yield stress (or 0.2% offset proof stresses) remained relatively unaffected. In contrast, the yield ratio was 
reduced by the addition of Si and Si-Cr and reductions in area of all three steels was approximately 50%. The 
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combination of these results suggests that the performance of steel C (22SiMnCrB) was superior when compared 
to steels A and B. 
 
 
 
 
 
 
 
 
 
 
Fig. 4.  Typical engineering stress (ı) - strain (İ) curves of steels A, B and C subjected to an isothermal transformation process at 200 °C for 
1000 s. (a) represents the initial 1% strain of the curves shown in (b). 
 
 
 
 
 
 
 
 
 
 
Fig. 5.  Variation in (a) yield stress or 0.2% offset proof stress (YS) and tensile strength (TS), (b) yield ratio (YR = YS/TS), and (c) uniform (UEl) 
and total elongation (TEl) in steels A (ŶƑ), B (Ɣż), and C (Ɣż) as a function of their isothermal transformation temperature (T IT). 
3.3. Formabilities  
Fig. 6 shows the variation in maximum stretch height and hole-expansion ratio as a function of the isothermal 
transformation temperature, and the relationship between a combination of tensile strength and maximum stretch-
height and the hole-expanding ratio in steels A through C. The maximum stretch height of steel B was slightly 
lower than that of steels A and C, whereas the hole-expanding ratio was improved with the addition of Si and Si-Cr 
at isothermal transformation temperatures between 250 °C and 400 °C. Finally, when steel C was isothermally held 
at temperatures below 250 °C, the balance of strength and formability was excellent when compared to steels A 
and B. 
 
 
 
 
 
 
 
 
 
 
Fig. 6.  Variation in (a) the maximum stretch height (Hmax) and (b) hole-expansion ratio (Ȝ) as a function of the isothermal transformation 
temperature (T IT). (c) Relationship between a combination of tensile strength and maximum stretch height (TS × Hmax) and the hole-expanding 
ratio (TS ×Ȝ) in steels A through C after isothermal transformation at temperatures below 250 °C (solid marks) or above 300 °C (open marks). 
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4. Discussion 
With respect to the combination of tensile strength and stretch-flangeability, steels B and C performed better 
than steel A when they were isothermally held at temperatures below 250 °C (Fig. 6(c)). The stretch-flangeability 
of TRIP-aided steel is primarily controlled by the punching damage generated in the hole-surface layer and the 
localized ductility upon expansion. The former is controlled by metallurgical factors such as the matrix, secondary 
phase (MA-like phase), retained austenite characteristics, and carbide content (Sugimoto et al., 2000).  
Fig. 7 shows the dimpled fracture surface that was produced in broken sections of steels A through C after 
punching out, where the dimple size of steels B and C is smaller and shallower than that of steel A. When steels B 
and C were isothermally held at a temperature of between 100 °C and 200 °C, their ratios of shearing section 
length to sheet thickness were similar (Fig. 8(a)). Conversely, the cross-sectional images (Fig. 8(b) and 8(d)) 
indicated that the punching damage was reduced through the addition of Si and Si-Cr with a greater reduction seen 
with the addition of Si-Cr. This suggests that during hole-expansion, the stress concentration at the fracture surface 
of steels B and C is lower than that of steel A. 
A positive relationship was exhibited between the combination of strength and stretch-flangeability and the 
characteristics of the retained austenite, MA-like phase, and the carbide characteristics of steels A through C (Fig. 
9). Therefore, the excellent combination of tensile strength and formability is most likely associated with: (i) 
softened or ductile wider-lath martensite that contains little carbide and; (ii) a greater amount of metastable 
retained austenite in the finely dispersed MA-like phase. In particular, the plastic relaxation that was a result of the 
strain-induced transformation of retained austenite, is believed to suppress void and/or crack initiation on hole 
expansion, as well as crack propagation and/or void coalescence on hole expansion. 
 
 
 
 
 
 
 
 
 
Fig. 7.  SEM images of the fracture surface after punching out in steels (a) A, (b) B, and (c) C subjected to isothermal transformation at 200 °C. 
 
 
 
 
 
 
 
 
 
 
Fig. 8.  Ratio of shearing section length to sheet thickness (ss/t) for steels A through C as function of isothermal transformation temperature. 
SEM images at cross sections of the hole-surface pierced by a punch in steels (b) A, (c) B, and (d) C subjected to isothermal transformation at 
200 °C. 
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Fig. 9.  Relationships between combination of tensile strength and stretch-flangeability (TS ×Ȝ) and initial volume fraction (fȖ), carbon 
concentration (CȖ) of retained austenite;,volume fraction of MA-like phase (fMA) and carbide content (fș) of steels A, B, and C subjected to 
isothermal transformation at 200 °C. 
5. Summary 
This study investigated the effects of Si and Si-Cr addition on the tensile properties and formability of 22MnB 
steel. The primary findings of this study can be summarized as follows: 
(1) Following an isothermal transformation process at temperatures below 250 °C, both Si and Si-Cr-bearing 
steels possessed higher tensile strengths (greater than 1.5 GPa), greater total elongations and lower yield 
ratios compared to the 22MnB steel. 
(2) A combination of high tensile strength and formability was achieved through Si and Si-Cr addition, with this 
being particularly significant following the complex addition of Si and Cr. 
(3) The excellent combination of high tensile strength and formability was attributed to: (i) a softened or ductile 
wider-lath martensite that contained only a small amount of carbide and; (ii) the strain-induced 
transformation of an increased amount of metastable retained austenite in the finely dispersed MA-like 
phase. This latter phenomenon is believed to have suppressed void and/or crack initiation on hole expansion. 
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